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Introduction
Zirconium phosphate is one of the typical inorganic ion exchangers. Two types of zirconium phosphates have been produced. One has an amorphous-type structure, while the other one is a crystalline type with a two-dimensional layer structure or three-dimensional network structure. They have many properties, such as ion exchange, catalysis, adsorption, and ionic conduction, in addition to their thermal resistance, chemical resistance, radiation resistance, and oxidationreduction resistance.
1)5)
Among these zirconium phosphates, a proton-type zirconium phosphate [HZr 2 (PO 4 ) 3 ] with a NASICON type three-dimensional network structure has been previously prepared as shown in Fig. 1 .
6) It has been reported that the H + ion can be easily exchanged with M n+ ion by mixing HZr 2 (PO 4 ) 3 with metal nitrate [M(NO 3 ) n ] salts then thermal treatment at 500700°C. 6) Radioactive elements, such as 137 Cs and 90 Sr, have a long halflife and they are mainly involved in high-level radioactive wastes from nuclear power plants. The immobilization of these elements using the HZr 2 (PO 4 ) 3 has previously been examined and reported that it has an excellent ability to immobilize these radioactive elements compared to the borosilicate immobilized products that are now in practical use. The leaching rate of Cs or Sr against various types of solvents was two orders of magnitude lower than that of the borosilicate immobilized products, and the amounts of the immobilized Cs or Sr were also several times greater than those of the borosilicate immobilized products. In this study, the immobilization of rare-earth metal elements (M III = La, Nd, Sm, Gd, Dy, Ho, Er, Yb) in a crystalline protontype zirconium phosphate, HZr 2 (PO 4 ) 3 , was performed using a similar method in addition to the alkali metal elements (M I = Li, Na, K, Rb, Cs), and alkaline-earth metal elements (M II = Mg, Ca, Sr, Ba). The leaching properties of these immobilized products, M I Zr 2 (PO 4 ) 3 , M II Zr 4 (PO 4 ) 6 and M III Zr 6 (PO 4 ) 9 , against a 1 mol·dm ¹3 -HCl solvent were then investigated as well as the ionic conductivities of the sintered discs of the immobilized products.
Experimental
The crystalline HZr 2 (PO 4 ) 3 (NZP-100, specific surface area of 4 m 2 ·g ¹1 ) purchased from Daiichi Kigenso Kagaku Kogyo Co., Ltd., was used in this experiment. The immobilization of the alkali metal elements (M I = Li, Na, K, Rb, Cs), alkalineearth metal elements (M II = Mg, Ca, Sr, Ba) and rare-earth metal elements (M III = La, Nd, Sm, Gd, Dy, Ho, Er, Yb), in HZr 2 (PO 4 ) 3 was performed as follows. The powder X-ray diffraction measurements (Rigaku Co., Miniflex) were carried out for all the immobilized products using Cu K¡ radiation in the 2ª range of 10 to 40°, and the lattice constants were calculated based on the internal reference method using silicon. Moreover, the powders of each of the M I Zr 2 (PO 4 ) 3 , M II Zr 4 (PO 4 ) 6 or M III Zr 6 (PO 4 ) 9 products were pressed at 100 MPa into a disc shape and sintered at 1400°C for 2 h. Pt electrodes were attached on both faces of the sintered disc, and their ionic conductivity was measured by an HP4194A impedance analyzer in the frequency range of 100 to 10 MHz. Leaching tests were carried out as follows: 2 g of an immobilized product powder and 16 cm 3 of the 1 mol·dm
¹3
-HCl solvent were put into an autoclave and heated in an oven at 160°C for 24 h. It was then cooled to room temperature and the solid powders were filtered. The leached amount of the alkali metal element or alkaline-earth metal element in the filtered solution was measured by an atomic absorption spectrophotometer (Shimadzu Co., AA-6200). On the other hand, that of the rare-earth metal element was measured by X-ray fluorescence spectroscopy (Shimadzu Co., EDX-700).
Results and discussion
The X-ray diffraction patterns of the immobilized products, M I Zr 2 (PO 4 ) 3 (M I = Li, Na, K, Rb, Cs) and M II Zr 4 (PO 4 ) 6 (M II = Mg, Ca, Sr, Ba), are shown in Fig. 2. 10) The observed diffraction peaks of all the products agreed with the ICDD cards except for the immobilized products of Mg and rare-earth metal.
2),12) It was found that the crystal system of the immobilized products is hexagonal having the NASICON type three-dimensional network structure similar to the host crystal, HZr 2 (PO 4 ) 3 . There is no ICDD card for MgZr 4 (PO 4 ) 6 ; however, it has been reported that the crystal system of the MgZr 4 (PO 4 ) 6 , prepared from Mg(NO 3 ) 2 , ZrOCl 2 , and NH 4 H 2 PO 4 by the solgel method, is monoclinic. 2) Nevertheless, the X-ray diffraction pattern of the MgZr 4 (PO 4 ) 6 obtained in this experiment was similar to that of all the other immobilized products. Therefore, the crystal system of the Mg immobilized product was assumed to be hexagonal, and the lattice constants were calculated. The X-ray diffraction patterns of the immobilized products M III Zr 6 (PO 4 ) 9 (M III = La, Nd, Sm, Gd, Dy, Ho, Er, Yb) are shown in Fig. 3 . It has been reported that the crystal system of M III Zr 6 (PO 4 ) 9 prepared using M III (NO 3 ) 3 , ZrO(NO 3 ) 2 and NH 4 H 2 PO 4 by the solgel method is hexagonal. 5),13) Therefore, the crystal systems of the rare-earth immobilized products was assumed to be hexagonal, and the lattice constants were calculated. Moreover, the morphology of the immobilized products [M I Zr 2 (PO 4 ) 3 , M II Zr 4 (PO 4 ) 6 and M III Zr 6 -(PO 4 ) 9 powders] was observed using an electron microscope. It was found that the crystal of all immobilized products was similar to the host crystal, HZr 2 (PO 4 ) 3 , i.e., a cubic shape with side lengths of approximately 1¯m as shown in Fig. 1 .
The relationship between the lattice parameters and the ionic radius of the immobilized metal element for M I Zr 2 (PO 4 ) 3 , M II Zr 4 (PO 4 ) 6 and M III Zr 6 (PO 4 ) 9 is shown in Fig. 4 .
10) The a-axis lattice constant of M I Zr 2 (PO 4 ) 3 , M II Zr 4 (PO 4 ) 6 and M III Zr 6 -(PO 4 ) 9 monotonically decreased with the increasing ionic radius of the alkali metal elements (M I = Li, Na, K, Rb, Cs), alkalineearth metal elements (M II = Mg, Ca, Sr, Ba) and rare-earth metal elements (M III = La, Nd, Sm, Gd, Dy, Ho, Er, Yb), respectively, while the c-axis lattice constant increased, and also the c/a axis ratio increased. 14) These results were in good agreement with the ICDD cards and those of the M II Zr 4 (PO 4 ) 6 and M III Zr 6 (PO 4 ) 9 products, which were prepared by other research groups, regardless of the difference in the preparation methods. Journal of the Ceramic Society of Japan 120 [8] Nakayama: Immobilization of alkali, alkaline-earth and rare-earth elements by crystalline zirconium phosphate HZr 2 (PO 4 ) 3 JCS-Japan
